background An infected host's Leishmania infantum load in blood is considered to be an estimate of his or her total parasite burden. Therefore, the measurement of blood parasite burden is important in the identification of factors involved in parasite control.
Introduction
Kala-azar, or visceral leishmaniasis, which is a condition endemic to the tropical and subtropical areas of Eurasia, Africa and Latin America, is caused by protozoa belonging to the genus Leishmania and transmitted by the bite of sand flies. The L. donovani and L. infantum species cause a prolonged febrile disease that is lethal when untreated but still kills 10-20% of properly treated individuals [1] . In addition to fever, the main signs and symptoms of this condition are weight loss, paleness and pronounced hepatosplenomegaly. Blood counts often reveal anaemia, leukopenia and thrombocytopenia. A significant proportion of patients develop a more severe clinical picture, including somnolence, jaundice, oedema, cough, diarrhoea, bleeding, bacterial co-infections and a highly severe sepsis-like syndrome [2] .
After infecting the vertebrate host, promastigotes transform into intracellular amastigotes. The parasite's ability to replicate and proliferate is dependent upon its own cell cycle rhythm and upon neutralising and surviving the host's response. The host response to Leishmania infection is dependent upon both the parasite's virulence factors, which are capable of manipulating and subverting intracellular responses, and the host's genetic background. If the host can deliver an effective response in which IL-12 induces Th1 cells to secrete c-interferon, and macrophages are subsequently activated, the infection reaches equilibrium and is therefore controlled. On the other hand, if the immune response is driven by regulatory T-cells and involves the secretion of IL-10 by T-cells and TGF-b, and macrophages do not properly activate intracellular destruction of the parasite, and the infection progresses to disease [3, 4] .
The parasite population within the body overall depends, as any other population, on key factors, including the size of the founding population and replication and mortality rates [5, 6] . In the case of infectious diseases, the founding population may be regarded as the inoculum, which has been demonstrated to impact the development of Leishmania infections [7, 8] . Replication is determined by the speed of the cell cycle, a subject that is poorly understood for Leishmania and other trypanosomatids and that is generally determined only by the parasite genome or epigenetic factors [9] [10] [11] . However, the parasite mortality induced by the host response seems to be one of the most important drivers of the parasite population size. Indeed, immunosuppression is highly influential on the progression from infection to disease, as seen in transplant and HIV-infected patients [12, 13] .
By studying the factors associated with the parasite burden, critical clues regarding the manner in which infection by Leishmania could be controlled may be obtained (as a product of both parasite and host factors). Thus, the parasite burden could eventually serve as an alert regarding progression from infection to disease and could be used at the community level [14] [15] [16] [17] . The parasite burden may also be used during follow-up of immunosuppressed patients as a marker of treatment success [13, [18] [19] [20] [21] [22] . A recent study in India reported an association between the parasite burden (as measured by qPCR of blood samples) and a patient's clinical profile, cytokine profile and final outcome [23] . While correlations between the parasite burden and clinical severity and death were not identified due to the small cohort of patients, the study found the parasite burden to be associated with disease duration, spleen size, and the IL-10 and T-regulatory cell profiles, determined by the CD4+ CD25+ FoxP3+ subset of T-cells. Therefore, to advance the understanding of the host-L. infantum equilibrium by evaluating the significance and consequences of the blood parasite burden, a study including a much larger sample of patients was designed to investigate the associations of the parasite burden with factors that precede disease occurrence, such as age, gender, HIV infection status, coexisting phenomena like malnutrition and the patient's clinical profile and final outcomes (death or survival).
Materials and methods

Patients
Patients consecutively enrolled in an open cohort study on kala-azar severity among hospitalised patients in the city of Teresina, Brazil, were eligible for inclusion in this study. The records for all inpatients admitted from July 2005 to May 2010 with the typical symptoms of disease including fever, anaemia and hepatosplenomegaly, as well as positive serological (indirect immunofluorescence test or immunochromatographic tests) or parasitological tests (direct bone marrow examination or bone marrow culture inoculated in NNN media) were screened. Only those indicated as having detectable blood parasite burdens by qPCR were included. Patients were examined, and data were registered when blood samples were taken upon admission. A standard clinical form was used. The clinical evolution of the disease was documented. The definition of sepsis and the estimation of the probability of death in kala-azar patients is described elsewhere [2] .
Ethics statement
This study was conducted as part of a larger project approved by the Ethics Committee in Research of the Piau ı Federal University under approval number 0116/ 2005. A consent form was explained to and signed by all participants or their legal representatives.
DNA extraction
DNA extraction was performed on 200 ll of peripheral blood stored at À80°C using the QIAamp DNA mini kit (Qiagen -Sample & Assay Technologies, Chatsworth, CA, USA) according to the manufacturer's instructions. DNA concentration and purity were measured spectrophotometrically at 260 nm and 280 nm.
DNA quantification
qPCR -Detection and quantification of L. infantum were performed via qPCR using hydrolysis probes (TaqMan â ), as described by Rolão et al. [24] . Oligonucleotides and probes were designed based on the kinetoplast DNA minicircle sequence (kDNA) of an L. infantum isolate obtained from a dog spleen in 1999. The sequences used for detection were as follows: Linf kDNA-F 5 0 GGCGTTCTGCAAAATCGGAAAA-3 0 , Linf kDNA-R 5 0 -CCGATTTTTGGCATTTTTGGTCGAT-3 0 and Linf kDNA_FAM-5 0 -TTTTGAACGGGATTTCTG-3 0 (AF GenBank accession number 169140). The details of these reactions were previously described by Silva et al. [25] .
Standard curve
A L. infantum isolate (50 ll) obtained from a patient from Teresina who was treated for L. infantum and cured was inoculated in 1 ml of NNN (Novy-McNealNicolle) medium and 1 ml of Schneider's Insect Medium (Sigma, St. Louis, USA) media, and the culture was incubated for 5 days at 27°C under standard pressure conditions, as previously described [25] . Due to the prolonged study time and the inclusion of a small number of samples per run due to equipment limitations, standard curves were rebuilt periodically.
Data analysis
The Wilcoxon rank-sum test was used for comparisons between the median blood parasite burden and the exposure variables age, gender, HIV status, death, disease severity (as measured by the probability of death) [2] , symptoms of the disease and nutritional status. Spearman correlation coefficients were used to evaluate quantitative variables. A nutrition analysis was performed for children under 5 years of age using WHO AnthroPlus software for personal computers (Software for assessing growth of the World's Children and Adolescents. Geneve: WHO, 2009 ). This software generates z-scores for a set of nutrition status variables. In this case, z-scores can be defined as the number of standard deviations from the mean values for the nutrition variables (weight, height, age and body mass index).
A forward stepwise logistic regression analysis including variables with P-value <0.2 in the univariate analysis was performed to identify independent factors associated with the parasite burden. All tests were performed using the Stata 10 (College Station, TX) statistical package.
Results
Study population
Of the 765 patients with kala-azar who routine underwent qPCR for L. infantum serially performed at the hospital, only 695 had detectable kDNA in their blood (kDNAemia) and were included in this analysis; therefore, the presence of parasites was detected by qPCR in 90.5% of the patients with a clinical diagnosis of kala-azar (95% confidence interval: 88.6; 92.8). Of the 625 patients selected for the kDNA template analysis, 415 (66.4%) were male and 210 (33.6%) female. A total of 270 (43.2%) patients were children under five years of age. A total of 62 (10.3%) patients had HIV; 35 (12.9%) children <5 years had acute moderate to severe malnourishment, and 42 (6.7%) patients were deceased (Table 1) .
Of the 205 women included in this study, 12 were coinfected with HIV (5.9%). The rate of HIV infection was two times greater in men; of the 395 men, and 50 were infected (12.6%). No cases of HIV infection were identified in children or teenagers under 20. The rate of HIV coinfection peaked in the 20-< 30-year age group, in which the proportion of men with HIV was 21 of 64 (32.8%), and the proportion of women with HIV was six of 14 (42.9%).
Sample parasite burden
The median blood parasite burden, as measured using the kDNA template, was 499.2 AE/ml [interquartile interval (IQ): 65.6, 2328.4], and the mean parasite burden was 5939.6 AE/ml [95% confidence interval (CI): 2958.9, 8920.3]. 
Effect of gender, age and HIV infection status on the parasite burden
Age was associated with the parasite burden at both fiveand ten-year age group intervals. Infants had significantly higher parasitemia than children 1-< 2 years. However, children <5 years had lower parasitemia than older children and adults, and children under 15 years had lower parasitemia than older patients. Although adults over 50 years had higher parasitemia than younger patients, this difference was not statistically significant. Men had a higher parasite burden than women. Patients with HIV had a higher parasite burden than individuals not infected with HIV.
Parasite burden and disease
The parasite burden was higher in patients who died than in those discharged from the hospital (Table 2) , and the age distribution of the parasite burden was similar to the age distribution of mortality, that is, higher among infants, decreasing in older children and adolescents, and increasing after age 20 and 45 (data not shown). However, the parasite burden was not useful for predicting mortality, and the area under the curve for the predictive performance of this variable was only 0.57 (data not shown).
Patients with a predicted probability of death equal to or over 0.10 had higher parasitemia than patients with a probability of death of <10% (Table 4 ). The parasite burden was positively correlated with clinical severity (probability of death) (r = 0.22, P-value <0.001).
Parasitemia was higher in those diagnosed with sepsis. Patients with clinical and radiological evidence of pneumonia had a higher parasite burden than those with no evidence of pneumonia. Patients with jaundice had a slightly higher parasite burden than those without icterus (Table 2) .
Haemoglobin concentrations were inversely correlated with the parasite burden (r = À0.12, P-value <0.05). The parasite burden was slightly higher among those with severe anaemia (haemoglobin <7.0 g/dl) than in those with no or less severe anaemia. White cell counts were inversely correlated with parasitemia (r = À0.18, P-value <0.01). Parasitemia was higher among those with severe leukopenia (leucocytes <2000/mm 3 ) than among those with no or less severe leukopenia. Blood platelet counts were negatively correlated with the parasite burden (r = À0.23, P-value <0.001). Parasite burdens were much higher in those with severe thrombocytopenia (<100.000/ mm 3 ) than in those with no or less severe thrombocytopenia (Table 2) .
Multiple logistic regression models were built to identify variables independently associated with both moderately increased (using the median as the cut-off, i.e., 500 9168.0 †See reference number 2. ‡Amastigote equivalents. *P < 0.01. **P < 0.001. ***P < 0.05. AE/ml) and more extreme parasite burdens (using the 90th percentile as the cut-off, i.e., a parasite burden of 2328 AE/ml). The independent variables entered into the regression models were gender, age, HIV infection status and nutrition status. The odds ratios (ORs) for a moderate increase in the parasite burden were 1.58 in the 20-< 40 yo age group (P-value = 0.025) and 1.41 for gender (P-value = 0.054). HIV status was not a significant predictive factor in this model. However, when HIV status was entered into the model for extreme parasite burden (over the 90th percentile), the OR was 2.25 (P-value = 0.041) ( Table 3) .
Parasite burden and nutrition status
The median parasite burden was more than four times greater in malnourished patients under 5 years, as assessed using the weight-for-age nutrition index (e.g., with a z-score <À2.0), and much higher when assessed using the body mass index-for-age measure. However, no difference in the parasite burden was detected when malnutrition was measured using the age-for-height and height-for-age indexes ( Table 4 ). The effect of nutrition was not assessed in older age groups.
Discussion
This study included the largest sample of patients with active kala-azar and a determined Leishmania burden published to date, but the external validity of the sample is worthy of further consideration. The proportion of children under five years of age was larger, the gender distribution similar to that of previously published studies [26] [27] [28] [29] . The rate of HIV coinfection is higher than the Brazilian average, lower than that reported in Ethiopia, and much higher than that previously identified in the rest of East Africa and Bihar, India [30] [31] [32] . The prevalence of malnutrition was much lower than that identified in other regions with kala-azar transmission [27] . As the blood parasite burden as indicated by qPCR is correlated with the total body parasite burden [25] and, as such, is able to provide more valuable information regarding general factors associated with the host-parasite interaction, such as host immunity and virulence factors.
The routine qPCR assays evaluated in this study applied a similar method to that described by Mary et al., 2004 [33] , at a time when MIQE Guidelines were not yet published [34] . Moreover, at that time, plasmids were not used for efficiency calculation. Finally, the standard curves were generated using a local isolate of L. infantum that had not been typed and were generated several times during the study period. These factors are likely to have introduced some random error. This random error may have also prevented the identification of some associations. This lack of precision may have limited the value of the parasite burden as a predictor of severe disease. However, the large sample size certainly minimised the effects of these possible forms of type II error.
Regardless of the limitations of this study, the variation in the median parasite burden was within the wide range of values previously reported. Bossolasco et al. [22] detected a median parasite burden of 1610 AE/ml in a population of HIV-infected patients. Mary et al. [33] reported a median value of 837 AE/ml in a small sample of immunocompetent and immunosuppressed patients. Antinori et al. [35] identified median parasite burdens of 430, 4905 and 7136 AE/ml in seven non-HIV-infected children, six non-HIV-infected adults and nine HIVinfected patients, respectively. However, Molina et al. [20] reported that a burden of 50 AE/ml was the lowest identified in a population of 16 HIV-infected patients. These data suggest that a standard international protocol should be developed to generate stable measurements and determine cut-off points across studies and regions that could be used as references values for the measurement of parasite burdens. The age distribution of the L. infantum burden in patients with kala-azar cannot be easily addressed due to the non-linear distribution of this burden across age groups. The parasite burden was high in the first year of life and dropped sharply in the second year of age. Thereafter, it remained stable, reached a minimum at 10-20 years of age, and then it gradually increased. This effect was independent of gender, HIV status and nutrition status.
The identified age-dependent distribution of the parasite burden in patients with kala-azar seems to follow three well-known biological phenomena relating to the natural development of the immune system: immunosuppression during (i) the first year of life due to transitioning from the intra-utero regulatory profile, (ii) male adulthood and (iii) immunosenescence. Indeed, infants and elderly individuals are more susceptible to the development of and mortality due to certain infections with intracellular microorganisms [36] [37] [38] [39] . In fact, because control of L. infantum depends largely on Th1 acquired cellular immunity [40] [41] [42] [43] , the impairment of this immunological mechanism may explain the age distribution of the L. infantum burden observed in this study. Infants have a dominant T-regulatory bias [36, 37] , and CD8+ T-cell immunity is impaired to a greater extent in the elderly [38, 39] , which may explain the higher parasitemia at the extremes of life.
The increase observed in the L. infantum burden just after adolescence might be due to both the thymic involution at this age [37] and increases in the level of testosterone, which is the main cause of the greater regulatory profile generally observed in men relative to women [44] . Accordingly, adult men not only have higher parasite burdens than women but also comprise the majority of patients with kala-azar [27] . Therefore, the higher levels of testosterone in men and other unknown chromosomelinked factors may explain the association observed between gender and the L. infantum burden. Ultimately, two factors that may help to explain the age-and genderdependent distribution of the parasite burden are arginase activity, which is increased and more permissive of parasite growth in younger animals [45] , and the putatively higher levels of exposure to sand fly bites in male populations.
qPCR has been previously used on both bone marrow and peripheral blood samples for the diagnostic evaluation of kala-azar in patients with HIV and for follow-up (response to therapy or progression). Apart from a previous study using qPCR from bone marrow [46] , the L. infantum parasite burden has never been compared between patients with and without HIV. In a previous study, while HIV-coinfected patients had a higher parasite burden, no statistically significant difference was identified. However, in the present study, which included a larger sample population, patients with HIV had a median blood parasite burden that was approximately three times higher than that in patients without HIV coinfection. While bone marrow parasitism may be organ specific, DNA detected in the blood reflects the level of parasitism in the body overall, as previously described in both animals and humans [47, 48] . Unfortunately, CD4+ counts were not registered in the database, and its influence on the parasite burden could not be ascertained. However, because low CD4+ counts and higher parasite burdens have been found to be associated with disease progression and relapse in immunocompromised individuals with kala-azar [49, 50] , and it is likely that the parasite burden is indeed controlled by acquired cellular immunity. The potential association between the parasite burden and acquired cellular immunity would explain why the identified parasite burdens were higher among patients infected with HIV. Interestingly, in the multivariate analysis, HIV status predicted only the highest parasite burdens, indicating that there are competing factors associated with triggers of an elevated parasite burden, as HIV-dependent immune impairment could explain only extreme parasite replication. These extreme levels of parasitemia could help to explain the higher level of infectivity of patients with HIV following sand fly bites (Ferreira et al., 2016: Am J Trop Med Hyg: submitted).
Malnutrition is one of the most powerful drivers of immunosuppression. Many impairments of immunity have been identified in patients with moderate to severe malnutrition, but cell-mediated immunity may be particularly compromised [51] . However, the impact of malnutrition on kala-azar is not entirely clear. While Badar o et al. (1986) [52] found that asymptomatically infected malnourished children were at higher risk of developing kala-azar, Evans et al. [53] did not confirm this finding. Additionally, Seaman et al. [54] and Colin et al. [55] demonstrated that malnutrition was strongly associated with mortality in patients with kala-azar. In the present study, we found that only those children with acute moderate to severe malnourishment (based on weight-for-age and body mass indexes, not weight-for-height or heightfor-height indexes) had a substantially higher parasite burden than those who were better nourished. While obvious temporal relationships of age, gender and HIV status with the L. infantum parasite burden were identified, the association between malnutrition and the parasite burden was less clear, as malnutrition in kala-azar patients is acute and disease induced. In addition, as cachexia may be induced by TNF-alpha and other inflammatory cytokines [56] , it is part of the systemic inflammation observed in patients with severe kala-azar [57] . However, as malnutrition has been found to be associated with increased susceptibility to other intracellular infections [51] and immunological deficiency in animal models of malnutrition and visceral leishmaniasis [58] , it is possible to infer that acute disease-induced malnutrition impairs acquired cell-mediated immunity, which would in turn impair parasite control.
The parasite burden was strongly associated with disease severity and several clinical and laboratory characteristics, which highlights the link between the parasite burden and pathogenesis, as median parasite burdens were almost three times higher among those who had a higher than expected probability of death at the time of admission and among those who died. The statistics were quite robust. In addition to this association, the parasite burden was also found to be associated with several symptoms and complications, such as sepsis syndrome, pneumonia, jaundice, anaemia, leukopenia and thrombocytopenia. Similar results had been previously found for the bone marrow parasite burden [46] . As kala-azar is clearly a strong inflammatory disease [59, 60] and since patients with severe or lethal kala-azar suffer from greater inflammation than less severely ill patients [57, 61, 62] , it seems obvious to include the parasite burden in the chain of pathogenic mechanisms that lead to severe disease and death. As described previously, immunosuppressive factors that affect acquired cellular immunity, such as age, gender, HIV infection status and nutrition status, seem to be associated with higher levels of parasitemia, which appear to be driven by the production of IL-10 and TGF-b, thereby inhibiting the production of c-interferon by T-cells [63, 64] . Recently, Battacharya et al. [23] showed that CD4+CD25+FoxP3+ T-regulatory cells were strongly associated with the parasite burden. After this immunosuppression, innate progressive systemic inflammation following an increasing parasite burden inside macrophages may initiate the release of inflammatory cytokines. This wave of inflammation appears to lead to the development of several symptoms of severe disease as well as immunoparalysis-associated bacterial infections elicited by the concurrently higher levels of IL-10 produced by T-cells. Finally, the increased risk of mortality due to kala-azar seen in the elderly may also be explained by the typical pro-inflammatory profile of immunosenescence (inflamm-ageing) [38, 39] , which may potentiate further inflammation in already inflamed kala-azar patients.
In conclusion, the results of this study suggest that the L. infantum burden may be modulated by age, gender, HIV status and, possibly, malnutrition in patients with kala-azar. Additionally, these data suggest that the parasite burden influences clinical presentation, disease severity and death. Despite the lack of direct evidence, acquired cellmediated immunomodulation seems to be the unifying factor associated with higher parasitemia across the studied risk factors and whose failure to control parasite replication may trigger exaggerated innate responses.
